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Abstract
We provide a general analysis of time reversal invariance violation in the
exclusive semileptonic B decays B → Dℓν and B → D∗ℓν. Measurements
of the lepton and D∗ polarizations can be used to search for and identify
non-standard model sources of T violation. Upper limits are placed on the
T -odd polarization observables in both the supersymmetric R-parity conserv-
ing and R-parity breaking theories, as well as in some non-supersymmetric
extensions of the standard model, including multi-Higgs-doublet models, lep-
toquark models, and left-right symmetric models. It is noted that many of
these models allow for large T -violating polarization effects which could be
within the reach of the planned B factories.
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I. INTRODUCTION
The origin of CP violation remains one of the mysteries of elementary particle physics
today, although the observed CP -violating phenomena in the kaon system are consistent with
the standard model Cabibbo-Kobayashi-Maskawa (CKM) [1] paradigm. One of the principal
goals of the planned B-factories is to test the standard model (SM) parameterization of CP
violation through precision measurements in several of the hadronic decay modes of the B
meson [2]. Any deviation from the SM prediction would be a signal of new physics. Such
a signal would of course be welcome, since the gauge hierarchy problem of the SM has led
to a widely held belief that the SM is actually a low-energy approximation to some more
complete theory. A generic feature of many extensions of the SM is the presence of new
CP -violating phases. Given the large number of B’s expected at the B-factories, it is clearly
important to examine the various CP -odd observables in the B system in order to identify
those which are sensitive to new physics. Of particular interest are those observables which
receive negligible contributions from SM sources.
In this work we present a detailed analysis of several of the T -odd1 observables which are
available in the exclusive semileptonic decays of B mesons to D and D∗ mesons. Measure-
ments of these observables would complement the studies of CP violation in the hadronic
decay modes and could serve as valuable tools in order to identify the Lorentz structure of
any observed new effects. In a previous paper [3] we have shown that one can define T -odd
polarization observables (TOPO’s) in the decays B→D(∗)ℓν (ℓ=e, µ, τ) which are sensitive
separately to effective scalar, pseudoscalar, and right-handed current interactions. In the
present work we will provide a more comprehensive analysis of these observables in addition
to considering the prospects in various models for measuring a positive signal.
It has long been known that the semileptonic decays of pseudoscalar mesons provide an
ideal place in which to search for non-SM T -violating signals [4]. One of the best studied
1We assume CPT invariance throughout and so will use “CP -odd” and “T -odd” interchangeably.
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of these T -odd observables is the muon transverse polarization in the decay K+ → π0µ+νµ
(K+µ3), defined by
P⊥µ ≡
dΓ(~n)− dΓ(−~n)
dΓ(~n) + dΓ(−~n) , (1)
where ~n is the projection of the muon spin normal to the decay plane. Experiments at the
Brookhaven National Laboratory give the combined result [5]
P⊥µ = (−1.85± 3.60)× 10−3, (2)
which translates into an upper bound of .9% at the 95% confidence level. Current efforts
at the on-going KEK E246 experiment [6] and at a recently proposed BNL experiment [7]
are expected to reduce the error on this quantity by factors of 10 and 100, respectively.
This optimistic experimental outlook has generated much theoretical interest in the muon
transverse polarization in both the K+µ3 [8–12] and K
+ → µ+νµγ (K+µ2γ) [13–16] decays.
The muon transverse polarization defined above is proportional to ~sµ · (~pπ × ~pµ), which
is the only T -odd quantity available in that decay. One can define analogous quantities for
the leptons in the decays B→D(∗)ℓν and one finds that, neglecting tensor effects, they are
sensitive to non-SM scalar and pseudoscalar effective interactions in the D and D∗ cases,
respectively [3]. The τ lepton polarization in these decays has been studied in multi-Higgs
models [17–20] and, more recently, in R-parity conserving supersymmetric (SUSY) models
with large intergenerational squark mixing [12,3]. In the latter case the effect arises at one
loop. In both types of models the transverse τ polarization can be rather large (from 10’s
of percent to order unity) compared to the the muon transverse polarization in Kµ3 decay.
One of the reasons for these seemingly large numbers is that the polarization effects in
these models are proportional to the lepton mass. Choosing ℓ=τ can thus give a substantial
enhancement compared to the ℓ=µ case. From an experimental point of view this means
that polarization measurements in Bτ3 decays can achieve the same “new physics reach”
as analogous measurements in Kµ3, with far fewer events. One recent study suggests that
HERA-B could achieve an eventual sensitivity to the transverse τ polarization on the order
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of a few percent [21], which would then be competitive – in terms of reach – with that
expected in the current Kµ3 experiments. One could in principle also study the transverse
polarization of the electrons or muons in semileptonic B decays. Since these lighter leptons
are highly energetic, however, it is in practice very difficult to measure their polarizations.
For this reason the electron and muon transverse polarizations will not be considered here,
although these quantities need not be small in some extensions of the SM.
As we have noted previously [3], the semileptonic B decays have a novel feature compared
to the analogous K decays in that the B can decay to both pseudoscalar and vector mesons.
The polarization vector of the D∗, which is odd under T , may thus also be used to construct
TOPO’s. There are in fact two distinct TOPO’s which may be constructed using the D∗
polarization and they are both sensitive to effective right-handed current interactions. For
ℓ=τ one of the TOPO’s can also depend (to a lesser extent) on effective pseudoscalar interac-
tions. Combining the lepton polarization measurements and D∗ polarization measurements
would thus allow one to probe separately the different Lorentz structures of non-SM sources
of T violation.
The outline of this paper is as follows. In Sec. II we provide a model-independent analy-
sis of the lepton and D∗ polarization based on an effective lagrangian approach. The T -odd
D∗ polarization observables can be related to T -odd triple-momentum correlations [22,23]
in the four-body final state of the decay B → D∗(Dπ)ℓν. This connection is made explicit
in Appendix B. In Sec. III the maximal sizes of these T -odd polarization observables are
estimated in several classes of models. In R-parity conserving SUSY, T violation occurs
at the loop level and its effect is negligible in the absence of squark family mixings. We
demonstrate that large enhancements can occur in the presence of squark generational mix-
ings, giving rise to observable T -odd polarization effects while escaping the flavor changing
neutral current (FCNC) bounds. We also consider R-parity-violating SUSY models. In this
case the present data place stringent limits on these TOPO’s. We then consider several
non-SUSY models, giving estimates for the maximal sizes of the TOPO’s in multi-Higgs
models, leptoquark models, and left-right symmetric models. We conclude in Sec. IV with
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a brief discussion and a summary of our results.
II. GENERAL ANALYSIS
In this section we provide a general analysis of the T -odd polarization observables avail-
able in semileptonic B decays. The effects of new physics may be conveniently parameterized
by an effective lagrangian written in terms of the SM fields. For definiteness, we will always
consider the decays B−→D(∗)0ℓ−ν, with l=e, µ, τ . The analogous TOPO’s for the charge
conjugates of these decays may always be obtained simply by changing the sign [24]. One
could in principle also consider the decays of neutral B’s. In these decays the electromag-
netic final state interactions (FSI’s) could mimic the T -odd observables which we will be
studying. This effect is, however, small on the scale of the experimental sensitivity expected
at the upcoming experiments and could probably be ignored. Furthermore, even in the pres-
ence of such FSI’s, one could measure a “true” T -odd observable by measuring the TOPO
in both the B and B modes and then taking the difference in order to subtract out the
FSI effects [24]. Ideally, one would measure both neutral and charged B decays in order to
maximize the statistics.
A. Form factors
Let us begin by establishing some notation. The relevant hadronic matrix elements may
be parameterized by the following form factors,
〈D(p′)|cγµb|B(p)〉 = f+ (p+ p′)µ + f− (p− p′)µ (3a)
〈D(p′)|cγµγ5b|B(p)〉 = 0 (3b)
〈D∗(p′, ǫ)|cγµb|B(p)〉 = i FV
mB
ǫµναβǫ∗ν(p+ p
′)αqβ (3c)
〈D∗(p′, ǫ)|cγµγ5b|B(p)〉 = −FA0mBǫ∗µ −
FA+
mB
(p+ p′)µǫ
∗ · q − FA−
mB
qµǫ
∗ · q , (3d)
where p and p′ are the four-momenta of the B and D (D∗) respectively, ǫ is the polarization
vector of the D∗, q = p−p′, and the form factors are functions of q2. We use the convention
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ǫ0123 = 1. In the SM these form factors are relatively real to a good approximation, but their
functional dependences on q2 are, a priori, unknown. Note that the expression in Eq. (3b)
is equal to zero since one cannot form an axial vector using only p and p′.
In order to derive the corresponding expressions for the scalar and pseudoscalar hadronic
matrix elements, we apply the Dirac equation [9], yielding
〈D(p′)|cb|B(p)〉 = m
2
B
mb −mc [f+ (1− rD) + f−
q2
m2B
] (4a)
〈D(p′)|cγ5b|B(p)〉 = 0 (4b)
〈D∗(p′, ǫ)|cb|B(p)〉 = 0 (4c)
〈D∗(p′, ǫ)|cγ5b|B(p)〉 = mB
mb +mc
(ǫ∗ · q)[FA0 + FA+ (1− rD∗) + FA− q
2
m2B
], (4d)
where mb and mc are the masses of the b and c quarks, rD = m
2
D/m
2
B and rD∗ = m
2
D∗/m
2
B.
There has been considerable progress in the past few years in understanding the func-
tional forms and interdependence of the above form factors. Isgur and Wise made the key
observation in 1989 [25] that in the infinite mass limit for the heavy quarks, all of the form
factors are proportional to each other and so may be expressed in terms of one universal
function, now called the Isgur-Wise function. Corrections to this picture due to the finite
masses of the quarks, as well as perturbative QCD effects, can be incorporated in a system-
atic way in what has come to be known as Heavy Quark Effective Theory (HQET) [26]. In
our numerical work, we will use the leading order results of HQET. Our analytical results,
however, will be written in terms of the form factors themselves, with no assumptions about
heavy quark symmetry. In the heavy quark symmetry limit we have
f± = ±1±
√
rD
2 4
√
rD
ξ(w) (5a)
FV = FA+ = −FA− = 1
2 4
√
rD∗
ξ(w) (5b)
FA0 = − 4√rD∗(w + 1)ξ(w), (5c)
where ξ denotes the Isgur-Wise function and where w =
m2
B
+m2
D(∗)
−q2
2mBmD(∗)
. The Isgur-Wise
function is normalized to unity at zero recoil, ξ(1) = 1.
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It is convenient to parameterize the physics of semileptonic B decays in terms of effective
four-Fermi interactions as follows
Leff = −GF√
2
Vcbcγα(1− γ5)bℓγα(1− γ5)ν +GScbℓ(1− γ5)ν +GP cγ5bℓ(1− γ5)ν
+GV cγαbℓγ
α(1− γ5)ν +GAcγαγ5bℓγα(1− γ5)ν +H.c., (6)
where GF is the Fermi constant and Vcb is the relevant CKM matrix element. The first term
in the effective lagrangian is due to the SM W -exchange diagram and the remaining terms
characterize contributions coming from new physics, with GS, GP , GV and GA denoting
the strengths of the new effective scalar, pseudoscalar, vector and axial-vector interactions,
respectively. The effects of effective tensor interactions are negligible in most models and
they will be omitted from the present discussion for simplicity. Note that since T violation
arises from the interference between the SM amplitude, which contains a left-handed neu-
trino, and the non-SM amplitude, we do not need to consider four-Fermi operators involving
a right-handed neutrino.
The new physics contributions to the decay amplitude may be taken into account by the
following replacement of the form factors,
f+ → f ′+ = f+(1 + δ+) (7)
f− → f ′− = f−(1 + δ−) (8)
FV → F ′V = FV (1 + δV ) (9)
FA0 → F ′A0 = FA0(1 + δA0) (10)
FA+ → F ′A+ = FA+(1 + δA+) (11)
FA− → F ′A− = FA−(1 + δA−). (12)
The δ parameters are given by
δ+ = −∆V (13)
δ− = −∆V −∆S ·
[
f+
f−
(1− rD) + q
2
m2B
]
(14)
δV = −∆V (15)
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δA0 = ∆A (16)
δA+ = ∆A (17)
δA− = ∆A −∆P ·
[
FA0
FA−
+
FA+
FA−
(1− rD∗) + q
2
m2B
]
, (18)
where
∆S =
√
2GS
GFVcb
m2B
(mb −mc)mℓ (19)
∆P =
√
2GP
GFVcb
m2B
(mb +mc)mℓ
(20)
∆V =
√
2GV
GFVcb
(21)
∆A =
√
2GA
GFVcb
. (22)
These δ (∆) parameters could in general be complex and could then give rise to observable
CP -violating effects. Since it is typically true that the TOPO’s which we will describe
are insensitive to new (SM-like) V − A quark-current interactions, it is also convenient to
introduce one more parameter,
∆R =
1
2
(∆V +∆A), (23)
which measures the strength of an effective right-handed quark-current interaction.
B. τ polarization in B → Dτν decay
Let us begin by deriving the expression for the τ lepton transverse polarization in the
semileptonic decay
B(p)→ D(p′)τ(pτ )ν(pν). (24)
The τ transverse polarization in this decay is perfectly analogous to the muon transverse
polarization in Kµ3 decay. The amplitude arising from the general effective lagrangian of
Eq. (6) can be written as
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M = −GF√
2
Vcbu(pτ )γ
µ(1− γ5)v(pν)[f ′+ (p+ p′)µ + f ′− (p− p′)µ] , (25)
which has the same form as the SM amplitude except for the replacement f±→f ′±.
The polarization observable may be written in terms of two independent kinematical
variables, which we will take to be the energies of the D meson and the τ lepton. This
choice is not unique, but is convenient for our purposes. Working in the B rest frame, we
introduce dimensionless quantities x and y which are proportional to these energies, but
which are normalized to half the B mass, x=2p ·p′/p2=2ED/mB and y=2p ·pτ/p2=2Eτ/mB.
The differential partial width is then given by
d2Γ(B → Dτν)
dxdy
=
G2F |Vcb|2m5B
128π3
ρD(x, y) , (26)
with
ρD(x, y) = |f ′+|2g1(x, y) + 2Re(f ′+f ′∗− )g2(x, y) + |f ′−|2g3(x) . (27)
The kinematical functions gi(x, y) are defined in Appendix A.
The transverse polarization of the τ lepton is then defined as in Eq. (1),
P⊥(D)τ =
dΓ(~n)− dΓ(−~n)
dΓtotal
, (28)
where ~n ≡ (~pD×~pτ )/|~pD×~pτ | is a unit vector perpendicular to the decay plane, and dΓ(±~n)
is the differential partial width with the τ spin vector along ±~n. dΓtotal denotes the partial
width after summing over the lepton spins. The above expression may be written in terms
of f ′± as follows
P⊥(D)τ (x, y) = −λD(x, y)Im(2f ′+f ′∗− ), (29)
with
λD(x, y) =
√
rτ
ρD(x, y)
√
(x2 − 4rD)(y2 − 4rτ )− 4(1− x− y + 1
2
xy + rD + rτ )2 , (30)
where rτ = m
2
τ/m
2
B.
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The expression for P⊥(D)τ can now be written explicitly in terms of the effective four-
Fermi interactions of Eq. (6) and then simplified by keeping only the linear terms in the ∆
parameters. (The terms quadratic in ∆ can easily be included if they are not negligible in
a specific model.) This gives
P⊥(D)τ (x, y) = −σD(x, y)Im∆S (31a)
σD(x, y) = hD(x)λD(x, y) (31b)
hD(x) = 2f
2
+(1− rD) + 2f+f−(1− x+ rD) . (31c)
To leading order in HQET the function hD(x) has a very simple form, given by
hD(x)→ (1− rD)
(
1 +
x
2
√
rD
)
ξ2 . (32)
There are three features of these expressions which are of interest. First of all, note that
the τ transverse polarization in this decay is proportional to the effective scalar four-Fermi
interaction, as was claimed above. This feature is well-known in the analogous Kµ3 decay.
A second observation is that the polarization function σD(x, y) is explicitly proportional to
the mass of the lepton involved, and is therefore largest for the τ lepton. The transverse
polarization of the lepton will then be largest for the τ mode in models for which ∆S is
independent of the lepton mass2, including multi-Higgs-doublet models and R-parity con-
serving SUSY models with large intergenerational squark mixing. If ∆S depends on the
lepton mass (as in, e.g., R-parity breaking SUSY models and leptoquark models), then the
lepton polarization need not be largest for the case ℓ=τ . Our final observation is that, to
leading order in HQET, the Dalitz density ρD(x, y) is proportional to ξ
2, so that the polar-
ization function σD(x, y) is independent of ξ(w). The average polarization (defined below in
Eq. (33)) does have a mild dependence on the form of the Isgur-Wise function. This latter
remark applies in general to polarization observables. The contour plots for ρD(x, y) and
2Note that the definition of ∆S includes a factor of 1/mℓ which must be canceled in order for ∆S
to be independent of the lepton mass (see Eq. (19)).
10
σD(x, y) are given in Fig. 1, taking ξ(w) = 1.0 − 0.75 × (w − 1), which is representative of
the current experimental data [27].
The average polarization over a region of phase space S can be defined as follows
P
(D)
τ ≡
∫
S dxdyρD(x, y)P
⊥(D)
τ (x, y)∫
S dxdyρD(x, y)
. (33)
This average is a measure of the difference between the number of τ leptons with their spins
pointing above and below the decay plane divided by the total number of τ leptons in the
same region of phase space S. In terms of the four-Fermi interactions, we have
P
(D)
τ = −σDIm∆S . (34)
Since we are only keeping contributions to the polarization which are first order in ∆S, σD
is independent of ∆S and we may carry out the integration numerically. Averaging over the
whole phase space gives
P
(D)
τ = −0.22× Im∆S . (35)
C. τ polarization in B → D∗τν decay
The τ transverse polarization in the decay
B(p)→ D∗(p′)τ(pτ )ν(pν) (36)
is defined in complete analogy with that for the decay to the D. The general effective
four-Fermi interactions of Eq. (6) contribute to this decay with an amplitude given by
M = −GF√
2
Vcbu(pτ )γµ(1− γ5)v(pν)ǫ∗ρMρµ (37)
Mρµ = F ′A0mBgρµ +
F ′A+
mB
(p+ p′)µqρ +
F ′A−
mB
qµqρ + i
F ′V
mB
ǫµραβ(p + p′)αqβ . (38)
Working again in the B rest frame, we define x=2p · p′/p2=2ED∗/mB and y=2p ·
pτ/p
2=2Eτ/mB. Summing over the spins of the final states, we find the following expression
for the differential partial width:
11
d2Γ(B → D∗τν)
dxdy
=
G2F |Vcb|2m5B
128π3
ρD∗(x, y), (39)
with
ρD∗(x, y) = |F ′A0|2f1(x, y) + |F ′A+|2f2(x, y) + |F ′A−|2f3(x) + |F ′V |2f4(x, y)
+2Re(F′A0F
′ ∗
A+)f5(x, y) + 2Re(F
′
A0F
′ ∗
A−)f6(x, y)
+2Re(F′A+F
′ ∗
A−)f7(x, y) + 2Re(F
′
A0F
′ ∗
V )f8(x, y) . (40)
The subscripts of the eight functions denote the corresponding contributions from the dif-
ferent form factors. These functions are collected in Appendix A.
After a kinematic analysis, it is found that only interference terms between the axial
form factors contribute to P⊥(D
∗)
τ , so that
P⊥(D
∗)
τ = −λD∗(x, y)
[
Im(F ′A0F
′ ∗
A+)
(
x
2rD∗
+ 1
)
+ Im(F ′A0F
′ ∗
A−)
(
x
2rD∗
− 1
)
+Im(F ′A+F
′ ∗
A−)
(
x2
2rD∗
− 2
)]
, (41)
with
λD∗(x, y) =
√
rτ
ρD∗(x, y)
√
(x2 − 4rD∗)(y2 − 4rτ )− 4(1− x− y + 1
2
xy + rD∗ + rτ )2 . (42)
The τ transverse polarization may now be written in terms of the effective four-Fermi
interactions of Eq. (6). Keeping the leading, linear terms in the ∆ parameters, we find
P⊥(D
∗)
τ = −σD∗(x, y)Im∆P (43a)
σD∗(x, y) = hD∗(x)λD∗(x, y) (43b)
hD∗(x) = [FA0 + FA+(1− rD∗) + FA−(1− x+ rD∗)]
×
[
FA0
(
x
2rD∗
− 1
)
+ FA+
(
x2
2rD∗
− 2
)]
. (43c)
The expression for hD∗(x) again has a very simple form in the heavy quark symmetry limit,
hD∗(x)→ (1− rD∗)
(
1 +
x
2
√
rD∗
)
ξ2 . (44)
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Comparison with Eq. (32) shows that this expression may be obtained from the analogous
expression for hD(x) by taking rD→rD∗ .
The τ lepton polarization in the B → D∗τν decay is sensitive only to effective pseu-
doscalar four-Fermi interactions [3]. This observable is thus complementary to its analogue
in the decay B → Dτν, which is sensitive to effective scalar interactions. We note in pass-
ing that Garisto [18] has found the transverse tau polarization in B → D∗τν to have an
additional dependence on effective right-handed quark-current interactions. There is no dis-
crepancy with our results, however, since the effect which Garisto discusses only arises when
one fixes the polarization state of the D∗, instead of summing over polarizations as we have
done. The right-handed current effect cancels in the sum. In the next subsection we will
discuss an observable which is sensitive to such right-handed interactions but which requires
a measurement of only the D∗ polarization (not that of both the D∗ and the τ .)
As noted in section IIB, the Dalitz density ρD∗(x, y) is quadratically dependent on ξ(w),
whereas the polarization function σD∗(x, y) is to a good approximation independent of ξ(w).
The average polarization varies slightly with ξ(w). The contour plots for ρD∗(x, y) and
σD∗(x, y) are given in Fig. 2, taking again ξ(w) = 1.0− 0.75× (w − 1) [27].
The average transverse polarization of the τ lepton can be defined as in Eq. (33). Aver-
aging over the whole phase space gives
P
(D∗)
τ = −σD∗Im∆P = −0.068× Im∆P . (45)
Note that σD∗ is about a factor of three smaller than σD. This is because effectively only
one of the three polarization states of the D∗, the longitudinal polarization, contributes to
the transverse τ polarization [3].
D. D∗ polarization in B → D∗ℓν decay
In the previous two subsections we have looked at TOPO’s constructed using the spin of
the tau in the decays B→Dℓν and B→D∗ℓν. Since the D∗ is a vector meson, however, the
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latter channel offers additional TOPO’s which may be constructed by using the projection
of the D∗ polarization transverse to the decay plane. As we have already noted, these new
observables will be sensitive to effective right-handed current interactions, making them
complementary to the lepton transverse polarization observables discussed above.
Let us denote the three-momenta of the D∗ and ℓ in the B rest frame by ~pD∗ and ~pℓ,
respectively. We may then define three orthogonal vectors ~n1, ~n2, and ~n3 by
~n1 ≡ (~pD
∗ × ~pℓ)× ~pD∗
|(~pD∗ × ~pℓ)× ~pD∗| (46a)
~n2 ≡ ~pD
∗ × ~pℓ
|~pD∗ × ~pℓ| (46b)
~n3 ≡ ~pD
∗
|~pD∗|
mD∗
ED∗
. (46c)
The unusual normalization of ~n3 is due to the boost from the D
∗ rest frame to the B rest
frame. The constraint ǫ2 = −1 can now be written in a symmetric form,
(~ǫ · ~n1)2 + (~ǫ · ~n2)2 + (~ǫ · ~n3)2 = 1. (47)
Note that ~n1 and ~n3 lie in the decay plane, whereas ~n2 is perpendicular to the decay plane.
The polarization vector of the D∗ can be taken to be real. It is then clear from Eqs.
(46a) - (46c) that the D∗ polarization projection transverse to the decay plane, ~ǫ · ~n2, is
T -odd, and that the D∗ polarization projections inside the decay plane, ~ǫ · ~n1 and ~ǫ · ~n3,
are T -even. Since the polarization vector always comes up quadratically in the differential
width, the pieces which are odd under time reversal must be proportional to (~ǫ · ~n2)(~ǫ · ~n1)
or to (~ǫ · ~n2)(~ǫ · ~n3). For the moment we will define observables explicitly in terms of the
D∗ polarization vector. At the end of this subsection we will comment on how one could
measure these quantities by measuring the angular distributions of the decay products of
the D∗.
Let us then formally define a measure of the T -odd correlation involving the D∗ polar-
ization as follows
P
(ℓ)
D∗ ≡
dΓ− dΓ′
dΓtotal
=
2dΓT−odd
dΓtotal
, (48)
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where dΓ′ is obtained by performing a T -transformation on dΓ, dΓT−odd is the T -odd piece
in the partial width, and dΓtotal is the partial width after summing over polarizations in the
final state. Note that there is also an implicit sum over the spin of the final state charged
lepton in Eq. (48), so that this observable depends only on the D∗ polarization. We may
then express this observable in terms of the two independent kinematical variables x and y,
yielding
P
(ℓ)
D∗(x, y) = −(~ǫ · ~n1)(~ǫ · ~n2)λ1(x, y)Im(F ′A0F ′ ∗V )
+(~ǫ · ~n3)(~ǫ · ~n2)λ2(x, y)[Im(F ′A0F ′ ∗A+) + Im(F ′A+F ′ ∗V )(x+ 2y − 2− rℓ)
+ Im(F ′A−F
′ ∗
V )rℓ + Im(F
′
A0F
′ ∗
V )dℓ(x, y)], (49)
with
λ1(x, y) =
4[(x2 − 4rD∗)(y2 − 4rℓ)− 4(1− x− y + 12xy + rD∗ + rℓ)2]
ρD∗(x, y)
√
x2 − 4rD∗
(50a)
λ2(x, y) =
4
√
x2
4rD∗
− 1
ρD∗(x, y)
√
(x2 − 4rD∗)(y2 − 4rℓ)− 4(1− x− y + 1
2
xy + rD∗ + rℓ)2 (50b)
dℓ(x, y) = (y − 1)−
2x(1 + rD∗ + rℓ − x− y + 12xy)
x2 − 4rD∗ , (50c)
where rℓ = m
2
ℓ/m
2
B, with ℓ=e, µ, τ .
These expressions may be simplified by writing them in terms of the effective four-Fermi
interactions of Eq. (6) and neglecting terms quadratic in the ∆ parameters. This gives
P
(ℓ)
D∗(x, y) = (~ǫ · ~n1)(~ǫ · ~n2)σℓ1(x, y)Im∆R
+(~ǫ · ~n3)(~ǫ · ~n2)[σℓ2(x, y)Im∆R + σℓ3(x, y)Im∆P ] , (51)
where
σℓ1(x, y) = −2λ1(x, y)FA0FV (52a)
σℓ2(x, y) = 2λ2(x, y)FV [FA+(x+ 2y − 2− rℓ) + FA−rℓ + FA0dℓ(x, y)] (52b)
σℓ3(x, y) = −λ2(x, y)rℓFV [FA0 + FA+(1− rD∗) + FA−(1 + rD∗ − x)]. (52c)
The T -oddD∗ polarization observable can thus receive contributions from both right-handed
current and effective pseudoscalar interactions. The pseudoscalar contribution is suppressed
15
by rℓ, however, so that the decay modes B → D∗eν and B → D∗µν may be used to
isolate and measure the right-handed current effect. As we have noted above in sections IIB
and IIC, the transverse polarization of the τ lepton is sensitive to an effective scalar four-
Fermi interaction in the decay B → Dτν, and to a pseudoscalar interaction in the decay
B → D∗τν. Combining all three polarization measurements, it is thus possible to probe
separately the three different sources of non-standard model T -violation which we have
included in the effective lagrangian of Eq. (6)3.
For the remainder of this section we will concentrate on the ℓ=e and µ modes, studying
their sensitivity to an effective right-handed current interaction. Aside from the fact that
these two channels naturally isolate the effective right-handed interactions, they are also
favored by virtue of their larger branching fractions compared to ℓ=τ . Given the small
masses of the electron and muon compared to the other energy scales in the problem, we may
safely set rℓ=m
2
ℓ/m
2
B=0. We will subsequently also drop the superscript ℓ. The expression
for the T -odd D∗ polarization observable then becomes
PD∗(x, y) = [(~ǫ · ~n1)σ1(x, y) + (~ǫ · ~n3)σ2(x, y)](~ǫ · ~n2)Im∆R , (53)
where, to leading order in HQET, the two polarization functions are given by
σ1(x, y)→ λ1(x, y)(x+ 2√rD) ξ
2
2
√
rD
(54a)
σ2(x, y)→ λ2(x, y)(2− x− 2y) 1−
√
rD
x− 2√rD ξ
2 (54b)
Note that both λ1(x, y) and λ2(x, y) are proportional to 1/ρD∗ , and therefore to 1/ξ
2. The
polarization functions σi(x, y) (i = 1, 2) are then independent of the Isgur-Wise function
ξ(w) as noted above. The contour plots for the Dalitz density function ρD∗(x, y) and the
polarization functions σ1(x, y) and σ2(x, y) are shown in Fig. 3, assuming ξ(w) = 1.0−0.75×
(w − 1) [27].
3We note again that T -odd observables are typically insensitive to new left-handed interactions
since the interference of such diagrams with the SM diagram does not lead to observable phases.
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We have previously analyzed the two different polarization structures present in the ex-
pression for PD∗(x, y) [3]. As was noted there, the term proportional to σ1 involves only
transverse polarization components, while that proportional to σ2 requires a non-zero lon-
gitudinal projection of the D∗ polarization in order to be non-vanishing4. In addition to
multiplying distinct polarization structures, however, the two functions σ1 and σ2 them-
selves have quite different symmetry properties in the two-dimensional phase space spanned
by x and y. In principle, then, there are at least two distinct ways in which to differentiate
between the two contributions to PD∗(x, y). The first is to devise a method which can pick
out one or the other polarization structure, and the second is to make use of the symme-
tries of σ1 and σ2 in order to differentiate between them. The latter of these two has been
discussed in some detail in Ref. [3], so let us first recapitulate those results and then discuss
how one can get at the polarization structures themselves.
It is straightforward to demonstrate that ρD∗(x, y)σ2(x, y) is antisymmetric under the
exchange of lepton and anti-neutrino energies, and that the allowed phase space region is
symmetric under the same exchange. Thus, integrating over all of phase space – or over any
region which is symmetric under the exchange – eliminates the σ2 term and leaves only the
piece due to the σ1 term. In order to pick out σ2, we note that ρD∗σ1 is symmetric under
y → 2 − x − y and x → x, so that an asymmetric average over phase space may be used
to eliminate the σ1 term. In both cases, these properties are independent of the functional
forms of the form factors. Performing these averages over all phase space then yields for the
non-vanishing piece in the two cases
P
(1)
D∗ ≃ 0.51× (~ǫ · ~n1)(~ǫ · ~n2)Im∆R , (55)
P
(2)
D∗ ≡
∫
dx
(∫ ymid
ymin
dy − ∫ ymaxymid dy) ρD∗(x, y)PD∗(x, y)∫
dxdyρD∗(x, y)
≃ 0.40× (~ǫ · ~n2)(~ǫ · ~n3)Im∆R, (56)
where ymid≡(ymin + ymax)/2. The asymmetric-average approach used to pick out the σ2
4 This latter term would be absent for on-shell massless vector bosons such as the photon.
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term in Eq. (56) also works when the lepton is not massless. In fact, this method also
eliminates the extra pseudoscalar term which is present in Eq. (51), so that even for ℓ=τ
it is possible to isolate the right-handed current contribution. Numerically, however, the
average D∗ polarization found using this prescription is about a factor of three smaller for
the tau compared to the electron and muon channels.
An alternative method for differentiating between the two polarization structures is to
examine the angular distributions of the decay products of the vector meson. It is straight-
forward to demonstrate that the resulting asymmetries (integrated appropriately over the
momenta of the final state particles) have the same structure as the terms which define
P
(ℓ)
D∗(x, y) in Eq. (51), up to the replacement of the factors (~ǫ · ~ni)(~ǫ · ~nj) by a numerical
factor of 1/π. In Appendix B, we demonstrate this explicitly for the decay mode D∗→Dπ5.
Before we turn to the section on model estimates, it is worth pointing out that the
numerical coefficients in Eqs. (35), (45), (55) and (56), evaluated at leading order in the
heavy quark expansion, will be modified when the effects due to finite quark masses and
QCD corrections are included. The uncertainty in the Isgur-Wise function can also affect
these coefficients but to a much lesser extent, as mentioned earlier. In order to get a feel for
the size of these corrections, we have reevaluated the coefficients using the QCD sum rule
estimates for ξ(w) and for the form factors given in Table 5.1 of Ref. [26]. The estimates in
Ref. [26] correspond to next-to-leading order in the 1/mQ expansion of HQET. Our findings
are that the correction to the τ polarization in B → Dτν is less than one percent of the
value quoted in Eq. (35), while the analogous correction for B → D∗τν leads to an increase
of about 15% in the magnitude of the polarization. For the D∗ polarization in B → D∗ℓν
(ℓ = e, µ), P
(1)
D∗ and P
(2)
D∗ were found to increase respectively by about 20% and 25% relative
5 In the case of the neutral D∗, and depending on the experimental set-up, it might be easier to
use the D∗→Dγ mode, since the two photons from the π0 decay could be quite soft. The charged
pions produced in the case of charged D∗ decays, however, should be easier to detect [28].
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to the values quoted in Eqs. (55) and (56). Considering the uncertainties in our current
knowledge of the form factors, we will simply use the leading order results obtained in
this section when making our model estimates. It should be understood, however, that
more precise knowledge of the form factors could change our estimates (generally increasing
them) by up to about 25%.
The main results of our general analysis are listed in Table I.
III. MODEL ESTIMATES
In this section we examine the prospects for the various T -odd observables, both in
supersymmetric models and in some non-supersymmetric models. We start by looking at
SUSY models that conserve R-parity. In this case, there are no CP -violating contributions
to our observables at tree-level. As we have noted elsewhere, however [3], there can be rather
large effects (even though they occur at one loop) in SUSY models with intergenerational
squark mixings. In this case both the τ polarization and D∗ polarization observables can
receive sizeable contributions. We then examine models in which R-parity is explicitly
violated. In such models, T -violating scalar and pseudoscalar interactions can arise at tree
level, leading to non-zero values for the transverse τ polarization in the decays B → D(∗)τν.
The sizes of these observables are subject to stringent experimental constraints. We next
consider some non-SUSY extensions of the SM. We first examine the multi-Higgs-doublet
and leptoquark models, which can both induce effective scalar and pseudoscalar four-Fermi
interactions at tree-level. Then we look at left-right symmetric models, where we focus on
the effects due to the extra gauge bosons only, and give an estimate of the size of the T -odd
D∗ polarization observable.
The results obtained in these models are summarized in Table II.
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A. SUSY with Intergenerational Squark Mixing
The notion of squark family mixings comes from the observation that the mass matrices
of the quarks and squarks are generally expected to be diagonalized by different unitary
transformations in generation space [29–31]. The relative flavor rotations between the u˜L,
u˜R, d˜L, and d˜R squarks and their corresponding quark partners are denoted by the three
by three unitary matrices V UL, V UR, V DL , and V DR, respectively. The significance of these
mixings for T -violating semileptonic meson decays was noted in a previous work [12] and
discussed in some detail for the transverse muon polarization in K+µ3 [12] and K
+
µ2γ [16]
decays. In this subsection, we focus on the various TOPO’s in different exclusive semileptonic
B decay channels [3].
To estimate the maximal T -violation effects in semileptonic B decays, we consider the
one-loop diagrams [12,16] with a gluino (g˜) and top and bottom squarks (t˜, b˜) in the loop, and
with W or charged Higgs exchange. The relevant mixing matrix elements involved are V U32
and V D33 . When the mixing is large, we can have doubly-enhanced T -violation effects – due to
mixing and to the large top quark mass. Note that flavor changing neutral current processes
only constrain the combinations V UV U
∗
and V DV D
∗
. For example, D-D¯ mixing can put
nontrivial constraints on the product V U32V
U
31
∗
. We will assume maximal mixing between the
(t˜R, c˜R) squarks and thus take |V UR32 | = 1√2 to estimate the maximal polarization effects.
1. H+ exchange and τ lepton polarization
Charged Higgs exchange can give rise to effective scalar and pseudoscalar but not vector
and axial-vector interactions, as can be seen from Lorentz invariance of the amplitude. It
could thus contribute to the transverse polarization of the τ lepton in both B → Dτν and
B → D∗τν decays, but it does not contribute to the D∗ polarization in the e, µ modes. Fur-
thermore, in the large tanβ limit, the induced effective scalar and pseudoscalar interactions
from W -boson exchange are suppressed by 1/ tanβ relative to the charged Higgs exchange.
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To estimate the maximal size of P⊥τ , we need only consider charged Higgs contributions.
The mt-enhanced effective scalar-pseudoscalar four-Fermi interaction can be estimated
from the diagram that contains a g˜-t˜-b˜ loop and the H−t˜Rb˜∗L vertex. It is given by [16,3]
LH = 4GF√
2
CH(cRbL)(τRνL) + H.c., (57)
with
CH = −αs
3π
IH tanβ
mtmτ
m2H
µ+ At cot β
mg˜
V H33 V
DL
33 V
UR
32
∗
, (58)
where αs ≃ 0.1 is the QCD coupling evaluated at the mass scale of the sparticles in the loop,
At is the soft SUSY breaking A term for the top squark, µ denotes the two Higgs superfields
mixing parameter, tan β is the ratio of the two Higgs VEVs, mg˜ is the mass of the gluino
and V Hij is the mixing matrix in the charged-Higgs-squark coupling H
+u˜i
∗
Rd˜jL. The integral
function IH is given by
IH =
∫ 1
0
dz1
∫ 1−z1
0
dz2
2
m2
t˜
m2
g˜
z1 +
m2
b˜
m2
g˜
z2 + (1− z1 − z2)
, (59)
which is equal to one at mt˜ = mb˜ = mg˜ and varies slowly away from this degenerate point.
The contributions to ∆S and ∆P from charged Higgs exchange are then given by
∆S = −αs
3π
IH tan β
mB
(mb −mc)
mBmt
m2H
× µ+ At cotβ
mg˜
× [V
H
33 V
DL
33 V
UR
32
∗
]
Vcb
, (60)
∆P =
αs
3π
IH tanβ
mB
(mb +mc)
mBmt
m2H
× µ+ At cotβ
mg˜
× [V
H
33 V
DL
33 V
UR
32
∗
]
Vcb
. (61)
To estimate the maximal τ polarization effects, we assume |V DL33 | = |V H33 | ∼ 1, mH =
100 GeV and tan β = 50 [32]. With maximal squark mixings, |V UR32 | = 1/
√
2. Setting
|µ| = At = mg˜, mt = 180 GeV, mb = 4.5 GeV, mc = 1.5 GeV, Vcb = 0.04, and IH = 1, we
find
|∆S| ≤ 1.6 (62)
|∆P | ≤ 0.8. (63)
Averaging over the whole phase space gives, for B → Dτν,
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∣∣∣∣P (D)τ ∣∣∣∣ = 0.22× |Im∆S | ≤ 0.35 , (64)
and, for B → D∗τν,
∣∣∣∣P (D∗)τ ∣∣∣∣ = 0.068× |Im∆P | ≤ 0.05 . (65)
Both limits scale as
(
100 GeV
mH
)2 ( tanβ
50
)(
Im[V H33 V
DL
33 V
UR
32
∗
]
1/
√
2
)
. In the absence of squark family
mixing, the polarization effects are suppressed by a factor of
mtV
UR
32
mbVcb
∼ 103.
2. W exchange and D∗ polarization
As has been shown in section IID, the T -odd polarization correlation of the D∗ in the
decay B → D∗ℓν (with ℓ=e, µ) is only sensitive to an effective right-handed (RH) quark
current interaction. With squark generational mixing, an effective RH interaction can be
induced at one loop by the W -boson exchange diagram with left-right mass insertions in
both the top and bottom squark propagators. This leads to a term in the effective lagrangian
given by [16,3]
LW = −4GF√
2
C0(cRγ
αbR)(ℓLγανL) + H.c. , (66)
with
C0 =
αs
36π
I0
mtmb(At − µ cotβ)(Ab − µ tanβ)
m4g˜
V SKM33 V
UR
32
∗
V DR33 , (67)
where Ab is the soft SUSY breaking A term for the bottom squark, V
SKM
ij is the super CKM
matrix associated with the W -squark coupling W+u˜i
∗
Ld˜jL, and the integral function I0 is
given by
I0 =
∫ 1
0
dz1
∫ 1−z1
0
dz2
24z1z2
[
m2
t˜
m2
g˜
z1 +
m2
b˜
m2
g˜
z2 + (1− z1 − z2)]2
. (68)
Note that I0 = 1 for
mt˜
mg˜
=
m
b˜
mg˜
= 1, but it increases rapidly to ∼ 8 as the squark-to-gluino
mass ratios decrease to
mt˜
mg˜
=
m
b˜
mg˜
= 1
2
.
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The ∆R parameter of Eq. (23) is then given by
∆R = − αs
36π
I0
mtmb(At − µ cotβ)(Ab − µ tanβ)
m4g˜
V SKM33 V
UR
32
∗
V DR33
Vcb
. (69)
To estimate the maximal size of ∆R from the W -exchange diagram, we take I0 = 5, tanβ =
50, At = Ab = |µ| = mg˜ = 200 GeV, and |V DR33 | = |V SKM33 | = 1. With maximal squark
mixing (|V UR32 | = 1√2), we have the upper limit
|∆R| ≤ 0.08 . (70)
The averages of the two TOPO’s related to the D∗ polarization are given in Eqs. (55) and
(56). Choosing the optimal orientations of the polarization vector in the two cases and
inserting the above bound on |∆R| yields the following upper limits∣∣∣∣P (1)D∗ ∣∣∣∣ ≤ 0.02, (71)∣∣∣∣P (2)D∗ ∣∣∣∣ < 0.016. (72)
These limits for the D∗ polarization scale as
(
200 GeV
MSUSY
)2 ( tan β
50
) (
I0
5
)(
Im[V SKM33 V
UR
32
∗
V
DR
33 ]
1/
√
2
)
,
whereMSUSY is the SUSY breaking scale. In the absence of squark intergenerational mixing,
the D∗ polarization effect will be suppressed by a factor of mtV
UR
32
mcVcb
∼ 103.
B. R-parity Violating Theories
The requirement of gauge-invariance does not uniquely specify the form of the super-
potential in a generic supersymmetric model. In addition to the terms which are usually
present, one could also add the following terms:
λijkLiLjE
c
k + λijkLiQjD
c
k + λ
′′
ijkU
c
iD
c
jD
c
k + µiLiH
′, (73)
where the coefficients could in general be complex and where i, j and k are generation
indices. Note that we have omitted the implicit sum over SU(2)L and SU(3)C indices and
that λijk=−λjik and λ′′ijk=−λ′′ikj . Of the four types of terms listed above, the last one may
be rotated away by a redefinition of the L and H fields [33].
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The above λ and λ terms violate lepton number whereas the λ′′ term violates baryon
number. All three terms may be forbidden by imposing a discrete symmetry called R-parity
[34]. Alternatively, one can use the experimental data to place constraints on these R-parity
breaking couplings. The most stringent constraints are on the λλ′′ combinations and come
from the non-observation of proton decay [35]. To satisfy the proton stability requirement,
one can also invoke a discrete Z3 symmetry called baryon parity which naturally allows for
the lepton number violating terms while forbidding the baryon number violating λ′′ term
[36]. For this reason, we will simply set λ′′ijk=0 in our analysis. The R-parity-violating
interactions in the lagrangian may then be written in the mass basis of the component fields
as
LR/ = −2λijk
[
(νiL)
cejLe˜
k∗
R + e
k
Re
j
Lν˜
i
L + e
k
Rν
i
Le˜
j
L
]
−λ′ijk
[
(VKM)jl
(
(νiL)
cdlLd˜
k∗
R + d
k
Rd
l
Lν˜
i
L + d
k
Rν
i
Ld˜
l
L
)
−
(
(eiL)
cujLd˜
k∗
R + d
k
Ru
j
Le˜
i
L + d
k
Re
i
Lu˜
j
L
)]
+H.c. (74)
The λ and λ′ parameters are related by unitary rotations in generation space [37]. Note
that while the above parameterization is not unique (one could, for example, put V †KM in
the “up” sector rather than VKM in the “down” sector) the physics itself is parameterization-
independent.
Integrating out the relevant supersymmetric particles of Eq. (74) gives rise to two types
of contributions to the quark-level transition b → cℓν. The first type of contribution has
the SM V −A structure and cannot interfere with the SM W -exchange diagram in order to
give rise to observable T -violating effects. The second type of contribution can induce scalar
and pseudoscalar effective interactions. The relevant effective interaction for the τ mode is
given by
LR/eff = −
1
2
λ3j3λ
′∗
j23
(me˜j
L
)2
c(1 + γ5)bτ (1− γ5)ντ +H.c., (75)
where summation over j = 1, 2 is implied. The resulting expressions for the corresponding
∆ parameters are then
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∆S = −1
2
λ3j3λ
′∗
j23
(me˜j
L
)2
( √
2
GFVcb
)
m2B
(mb −mc)mτ , (76)
∆P = −1
2
λ3j3λ
′∗
j23
(me˜j
L
)2
( √
2
GFVcb
)
m2B
(mb +mc)mτ
. (77)
Setting the slepton masses to 100 GeV we obtain the following estimates
∆S ≃ −8× 102
λ3j3λ
′∗
j23
(me˜j
L
/100 GeV)2
, (78)
∆P ≃ −4× 102
λ3j3λ
′∗
j23
(me˜j
L
/100 GeV)2
. (79)
The tau polarization is subject to constraints from present experimental data. The rare
decay K+ → π+νν gives the bound |λ′∗j23| < 0.01 [37], whereas |λ133| < 0.001 from bounds
on the neutrino mass [38] and |λ233| < 0.03 from leptonic tau decays [39]. We have assumed
in each case a mass of 100 GeV for the sparticles. We thus arrive at the following 90%
confidence level upper bounds on the transverse τ polarizations,
∣∣∣∣P (D)τ ∣∣∣∣ < 0.05 , (80)
∣∣∣∣P (D∗)τ ∣∣∣∣ < 0.008 . (81)
In the limit of degenerate sparticle masses, these bounds are independent of the sparticle
mass scale.
We noted above that there are actually two types of R-parity violating processes which
could contribute to the quark-level transition b→ cℓν. The first of these was ignored since
it has the SM V −A structure and thus cannot interfere with the SM W -exchange diagram,
while the second was seen to give rise to an effective scalar-pseudoscalar interaction. It is
interesting to note, however, that the SM-like term can also give rise to a T -odd transverse
τ polarization if it interferes with the tree-level charged-Higgs diagram which is generically
present in supersymmetric models. This effect is technically of second order in the ∆ pa-
rameters, yet it need not be small if we take the current upper limit on tan β/mH , which is
approximately 0.5 GeV−1 [32]. In this limit the magnitude of the effect could be comparable
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to the limits quoted in Eqs. (80) and (81). Note also that while R-parity violating inter-
actions can give rise to scalar and pseudoscalar interactions, there is no tree-level induced
right-handed current interaction which could contribute to the T -odd D∗ polarization.
C. Non-supersymmetric Models
In this subsection, we estimate the contributions to the TOPO’s in some non-SUSY
models. We will consider in turn the three-Higgs-doublet model (3HDM), leptoquark models
and left-right symmetric models (LRSM’s).
1. Multi-Higgs-doublet model
An effective scalar-pseudoscalar four-Fermi interaction can be induced by tree-level
charged Higgs exchange with CP -violating complex couplings. To be specific, let us con-
sider the three Higgs-doublet model [40,41]. The charged Higgs couplings to the fermions
are given by
L = (2
√
2GF )
1/2
2∑
i=1
(αiULVKMMDDR + βiURMUVKMDL + γiνLMEER)H
+
i +H.c., (82)
where MU , MD, and ME are the diagonal mass matrices for the up-type quarks, down-type
quarks and charged leptons, respectively. The complex couplings αi, βi, and γi appear in the
unitary mixing matrix between the mass eigenstates and gauge eigenstates of the charged
Higgs boson. They satisfy six constraints, three of which are
Im(α1β
∗
1)
Im(α2β
∗
2)
=
Im(α1γ
∗
1)
Im(α2γ
∗
2)
=
Im(β1γ
∗
1)
Im(β2γ
∗
2)
= −1 . (83)
It is clear from these relations that the CP -violating effective scalar and pseudoscalar in-
teractions will always be proportional to (1/m2
H+1
− 1/m2
H+2
). Assuming that H+2 is much
heavier than H+1 , we find that the scalar and pseudoscalar ∆ parameters are given by
∆S =
(α1γ
∗
1mb + β1γ
∗
1mc)m
2
B
m2
H+1
(mb −mc) , (84)
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∆P =
(α1γ
∗
1mb − β1γ∗1mc)m2B
m2
H+1
(mb +mc)
. (85)
Current data place a more stringent bound on Im(β1γ
∗
1) than on Im(α1γ
∗
1) [41].
For mH+1 < 440 GeV, the inclusive process B → Xτν gives the strongest limit of
|Im(α1γ∗1)|/m2H+1 < 0.2 GeV
−2 at the 95% C.L. [19]. This limit in turn constrains the
∆’s by |Im∆S| < 8 and |Im∆P| < 4. Therefore, the τ transverse polarizations in B → Dτν
and B → D∗τν decays are given by
|P (D)τ | ≤ ∼ 1 (86)
|P (D∗)τ | < 0.3 , (87)
which is in agreement with a previous estimate [18]. Qualitatively similar results have been
found in the inclusive case [17,19].
2. Leptoquarks
Both scalar and vector leptoquark models [42] can give rise to effective scalar and pseu-
doscalar interactions for the semileptonic B decays. The calculation of the τ transverse
polarization in these models is similar to the analysis of the muon transverse polarization
in K+ → π0µ+ν decay [43]. Unlike in that case, however, the current experimental data
allow for a rather large τ polarization in B decays. The difference compared to Kµ3 is that
the bound on the couplings for B decay comes mainly from t→ cτ+τ− and is much weaker
than that for the Kµ3 decay, which comes from D → µ+µ−.
Let us consider, as an example, the following SU(3)C × SU(2)L × U(1)Y invariant lep-
toquark interaction,
L = (λijQieRj + λ′ijuRiLj)φ+H.c. , (88)
where Q and L denote the usual quark and lepton doublets, respectively, φ is a color-
triplet, weak-doublet scalar leptoquark, and i, j are the family indices. An effective scalar-
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pseudoscalar four-Fermi interaction is then induced by the exchange of the scalar leptoquark,
giving6,
Leff = −1
2
λ∗33λ
′
23
m2φ
(cRbL)(τRνLτ ). (89)
The resulting expressions for ∆S and ∆P are given by
∆S = −50× λ∗33λ′23 ×
(
200 GeV
mφ
)2
(90)
∆P = −mb −mc
mb +mc
∆S , (91)
so that the transverse τ polarization in B → Dτν and B → D∗τν decays can be respectively
of order unity and 0.2 if we take |Im(λ∗33λ′23)| ∼ 0.1. Note that leptoquark exchange does
not give rise to a right-handed current at tree level.
3. Left-right symmetric models
An effective right-handed quark current can be induced at tree level in left-right sym-
metric models (LRSM’s) [44]. We will concentrate on this effect and neglect the effective
scalar and pseudoscalar interactions by assuming that the charged Higgs decouple. Consider
the most general class of models with gauge group SU(2)L × SU(2)R × U(1). The charged
gauge boson mass eigenstates are related to the weak eigenstates by the following two by
two unitary matrix, W+L
W+R
 =
 cos ζ − sin ζ
eiω sin ζ eiω cos ζ

W+1
W+2
 , (92)
where ζ is the WL −WR mixing angle and ω is a CP -violating phase. The bounds on mW2
and ζ depend on the relation between the CKM mixing matrix for the left-handed quarks,
V L = VKM , and the analogous mixing matrix V
R for the right-handed quarks. In any case,
6We neglect for simplicity the effective tensor interaction which is also induced by this exchange.
28
mW2 is at least heavier than several hundred GeV [45,46], and we can safely neglect its effect
for the purposes of our estimate.
The presence of the off-diagonal term in the WL −WR mixing matrix means that the
lighter mass eigenstate W1 can induce an effective right-handed current interaction of the
form (cRγµbR)(ℓLγ
µνL). The resulting expression for ∆R has the simple form
∆R = −eiωζ gRV
R
cb
gLV Lcb
, (93)
where gL and gR are the gauge couplings for SU(2)L and SU(2)R, respectively. We will
assume gL = gR for our estimate.
Stringent bounds on the WL−WR mixing have been derived by assuming manifest left-
right symmetry (V L = V R) or pseudo-manifest left-right symmetry (V R = K1(V
L)∗K2,
where K1 and K2 are diagonal phase matrices). Thus, for example, |ζ | < 4% from µ decay
experiments [47], |ζ | < 4× 10−3 from the analysis of K → 2π and K → 3π decays (subject
to some theoretical hadronic uncertainties) [48], and |ζ | < 5× 10−3 from semileptonic d and
s decays [49]. The upper bound on |Im∆R| is then in the range
|Im∆R| ≤ |ζ | < (0.004 ∼ 0.04) , (94)
and the D∗ polarization in these scenarios is smaller than 10−3 ∼ 10−2.
If one does not impose manifest or pseudo-manifest left-right symmetry, the constraints
on ζ tend to become less stringent. Thus, for example, it is possible to have |V Rcb | = 1 and
|ζ | ≤ 0.013 at the 90% C.L. [46]. The induced right-handed current can be significantly
enhanced in this case, since
|Im∆R| ≤ 25× |ζ | ≤ 0.32 (95)
and the T -odd D∗ polarization in the B → D∗ℓν (ℓ = e, µ) decays could be as large as 8%.
IV. DISCUSSION AND CONCLUSIONS
In this paper we have examined several of the T -odd polarization observables in the ex-
clusive semileptonic decays B → D(∗)ℓν. We have provided a model-independent analysis of
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these observables, concentrating on the τ transverse polarization in B → D(∗)τν and on the
T -odd D∗ polarization in the decays B → D∗ℓν, with ℓ = e, µ. These observables provide
an attractive place in which to look for effects coming from new physics. As is known, they
receive negligible contributions from standard model sources. Furthermore, they are quite
clean theoretically, depending only on a small number of q2-dependent form factors which
are in principle measurable or calculable on the lattice or within the context of Heavy Quark
Effective Theory. We have also noted that the three types of observables under consideration
are sensitive separately to three different types of quark-level effective interactions: the τ
polarization in the decay to the D (D∗) probes effective scalar (pseudoscalar) interactions,
and the T -odd D∗ polarization depends only on effective right-handed current interactions.
This observation is independent of the functional forms of the form factors. A final general
remark concerning these observables is that the branching ratios for these decays should be
quite accessible at the planned B-factories. Using the leading order results of HQET and
taking ξ(w) = 1.0− 0.75× (w − 1) (as we have in our numerical work), we find that
B(B→Dτν) :B(B→D∗τν) :B(B→Dℓν) :B(B→D∗ℓν) ∼ 1
10
:
1
4
:
1
3
: 1 , (96)
with ℓ = e or µ. While these ratios should be taken as being only approximate, they do
indicate that one can expect branching ratios for the first two decays (which are currently
unmeasured) to be of order one percent. They also show that, all else being equal, the
experimental sensitivity to a T -violating effective right-handed current interaction is much
greater than that to a scalar or pseudoscalar interaction. This is particularly true if one
combines the measurements in the electron and muon modes.
In this work we have not included the effects of possible tensor interactions. In all of the
models which we have considered – with the possible exception of the leptoquark models –
such effects are either not present or are quite small. It is worth noting, however, that a
model-independent analysis of tensor effects may also be performed along the same lines as
followed here [50]. It is also straightforward to derive the tensor form factors for both the
B → D and B → D∗ transitions in HQET.
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It is interesting to compare the sensitivity of the tau transverse polarization in Bτ3 to
that of the muon in K+µ3. A priori one expects the polarization effect to be larger for Bτ3 than
for K+µ3 due to the larger quark and lepton masses in the B case. The lepton polarization
in these two cases may generically be written as Pℓ ∼ σℓ × Im∆ℓS, where the kinematical
polarization function σℓ contains a helicity suppression factor, σℓ ∝ mℓ/mM (mM is the mass
of the decaying meson), and where ∆ℓS is a model-dependent parameter which measures the
strength of the effective scalar interaction. The relative sizes of ∆τS and ∆
µ
S are model-
dependent, so let us consider the 3HDM as an example. In this case the ratio ∆τS/∆
µ
S is
enhanced roughly by the factor m2B/m
2
K . Thus, up to numerical factors of order unity,
the transverse lepton polarization is enhanced by Pτ/Pµ ∼ mBmτ/mKmµ ∼ 102. Similar
qualitative analyses can be performed for the other models which we have considered. The
rather large enhancement which one generically finds implies that in order to reach a given
sensitivity to new physics, one requires far fewer B decays than K decays. The B system, as
we have noted above, has the added advantage that there are several semileptonic B decay
channels which have no analogue in the K system and which may in principle be used to
identify separately the various possible sources of T violation.
Although we have considered here only the decays B → D(∗)ℓν, our results may also be
applied to the related decays B → π(ρ, ω)ℓν. The results of HQET are not applicable to
these decays, so that the form factors need to be obtained using phenomenological models
and/or experimental data. It is expected, however, that the T -odd polarization effects in
these modes could be just as large as for the b→ c transitions. The usefulness of these decays
as probes for T -odd signals of new physics may be limited, however, since their branching
ratios are expected to be smaller by one to two orders of magnitude.
In conclusion, we have presented a general analysis of several T -odd polarization ob-
servables in the semileptonic B decays to D and D∗ mesons. We have given numerical
estimates of theses observables in both supersymmetric R-parity conserving and R-parity
breaking models as well as in some non-supersymmetric extensions of the SM, namely the
three-Higgs-doublet model, leptoquark models, and left-right symmetric models. The re-
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sults of these model estimates have been summarized in Table II. It is encouraging that the
polarization effects in many of these models can be in the range of a few percent to several
tens of percent and could thus be accessible to the planned B factories.
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APPENDIX A:
In this appendix we define the kinematical functions gi(x, y) and fi(x, y) which arise in
the definitions of ρD(x, y) and ρD∗(x, y). They are given, for lepton ℓ, by:
g1(x, y) = (3− x− 2y + rℓ − rD)(x+ 2y − 1− rℓ − rD)
−(1 + x+ rD)(1− x+ rD − rℓ) (A1a)
g2(x, y) = rℓ(3− x− 2y − rD + rℓ) (A1b)
g3(x) = rℓ(1− x+ rD − rℓ) (A1c)
and
f1(x, y) = (1− x+ rD∗ − rℓ) + 1
rD∗
(x+ y − 1− rD∗ − rℓ)(1− y + rℓ − rD∗) (A2a)
f2(x, y) = [(x+ 2y − 1− rD∗ − rℓ)(3− x− 2y − rD∗ + rℓ)
−(1− x+ rD∗ − rℓ)(1 + x+ rD∗)]
(
x2
4rD∗
− 1
)
(A2b)
f3(x) = rℓ(1− x+ rD∗ − rℓ)
(
x2
4rD∗
− 1
)
(A2c)
f4(x, y) = 2xy(1− y + rℓ − rD∗) + 2x(2− x− y)(x+ y − 1− rD∗ − rℓ)
−4(1− y + rℓ − rD∗)(x+ y − 1− rD∗ − rℓ)− 4rD∗y(2− x− y) (A2d)
f5(x, y) =
1
rD∗
x(1− y)(x+ y − 1)− rℓ
2rD∗
x(3− 2x− 3y − rD∗ + rℓ)
+2(1− y)(1− x− y)− x+ 2rD∗ − rℓ(x+ y) (A2e)
f6(x, y) =
rℓ
2rD∗
[x(1 − y + rℓ − rD∗)− 2rD∗(2− x− y)] (A2f)
f7(x, y) = rℓ(3− x− 2y − rD∗ + rℓ)
(
x2
4rD∗
− 1
)
(A2g)
f8(x, y) = 2y(1− y + rℓ − rD∗)− 2(2− x− y)(x+ y − 1− rD∗ − rℓ). (A2h)
APPENDIX B: FOUR-BODY FINAL STATES
In this appendix we demonstrate how the two T -odd D∗ polarization observables defined
in the text (see Eqs. (49), (55) and (56)) may be related to T -odd momentum correlations
33
in the four-body final state of the decay B→D∗(Dπ)ℓν. The two observables have different
structures in terms of the D∗ polarization vector and may be separately extracted by em-
ploying suitable integration prescriptions in the integration over the momentum of the final
state pion. We will examine two different types of prescriptions and calculate the statistical
error in each case. A previous analysis of T -odd asymmetries in the four-body final state
may be found in Refs. [22,23], where it was noted that the final state interaction effects on
the T -odd observables are probably negligible. One could similarly study the T -odd mo-
mentum correlations in the channel B→D∗(Dγ)ℓν, but this channel will not be examined
here.
Let us then calculate the differential partial width for B→D∗(Dπ)ℓν. The Feynman rule
for the effective D∗µ-π-D vertex is simply given by fpµπ [51], where the constant f may be
inferred from the partial width of the decay D∗ → πD. This width is given by
Γ(D∗ → πD) =
(
1
3
) |f |2(pπ)3
8πm2D∗
, (B1)
where
pπ =
1
2mD∗
λ1/2(m2D∗ , m
2
π, m
2
D) (B2)
denotes the magnitude of the pion momentum in the D∗ rest frame and λ(x, y, z)=x2+y2+
z2−2xy−2xz−2yz. In order to calculate the decay rate for B→D∗(Dπ)ℓν, we need to sum
over the intermediate states of the D∗, which may be done either by using a Breit-Wigner
propagator for the D∗ or by employing a density matrix approach. The resulting expression
for the partial differential width in the B rest frame is given by
d2Γ(B → D∗(Dπ)ℓν)
dxdy
∣∣∣∣∣
S
=
3mBG
2
F |Vcb|2
512π4(p∗π)2
(∫
S
dΩ∗π
∣∣∣M˜∣∣∣2)× BR(D∗ → πD), (B3)
where
M˜ =Mρα
(
pπρ − pD∗ρpπ · pD
∗
m2D∗
)
uL(pℓ)γαvL(pν), (B4)
and where Mρα has been defined above in Eq. (38). The angular integral in Eq. (B3) is
to be performed in the rest frame of the decaying D∗ using some prescription “S.” This
prescription may be designed such that it picks out the T -odd contributions.
34
The angles in the D∗ rest frame may be defined as follows
~pB = |~pB| (0, 0,−1) , (B5)
~pℓ = |~pℓ| (sin θℓ, 0, cos θℓ) , (B6)
~pπ = |~pπ| (sin θπ cos φπ, sin θπ sinφπ, cos θπ) , (B7)
where ~pB, ~pℓ and ~pπ are the momenta in the rest frame of the D
∗. There are then in principle
three T -odd structures which one may construct in terms of the pion momentum. These are
~pπ · (~pB × ~pℓ) ∼ sin θπ sinφπ, (B8)
(~pπ · ~pℓ) ~pπ · (~pB × ~pℓ) ∼ sin θπ cos θπ sinφπ, sin2 θπ sinφπ cosφπ, (B9)
(~pπ · ~pB) ~pπ · (~pB × ~pℓ) ∼ sin θπ cos θπ sinφπ. (B10)
Only the latter two structures are present in the partial width since, in the D∗ rest frame,(
pπρ − pD∗ρpπ · pD
∗
m2D∗
)
−→ gρipiπ, (B11)
so that all terms in the squared amplitude are bilinear in the pion momentum. The observ-
able T -odd functional forms are then given by
T1(θπ, φπ) = sin
2 θπ sinφπ cos φπ, (B12)
T2(θπ, φπ) = sin θπ cos θπ sinφπ. (B13)
There are several integration prescriptions which may be used to extract the terms in
the width which are proportional to T1 and T2. In general these reduce to weighting the
differential width by some function f(θπ, φπ) in such a way that only the desired piece
survives the angular integration. We shall examine two such prescriptions in this appendix.
The first approach (prescription “A”) is closely related to that used in Ref. [23] and amounts
to weighting the angular integral by ±1, depending on the angle. In the second approach
(prescription “B”), the integrand is weighted by the functional form itself, which also has
the effect of eliminating all but the desired piece. As we shall show, prescription “B” is
statistically more efficient than prescription “A.”
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Let us first consider prescription “A”. In this case the integrand is weighted by ±1 as a
function of the angle. Two different such prescriptions may be used to separately pick out
the terms proportional to T1 and T2, while eliminating all other terms. It is straightforward
to verify that the following two prescriptions do the job:
T1(θπ, φπ) :
∫
A1
dΩ∗π ≡
∫ π
0
sin θπdθπ
(∫ π/2
0
−
∫ π
π/2
+
∫ 3π/2
π
−
∫ 2π
3π/2
)
dφπ, (B14)
T2(θπ, φπ) :
∫
A2
dΩ∗π ≡
(∫ π/2
0
−
∫ π
π/2
)
sin θπdθπ
(∫ π
0
−
∫ 2π
π
)
dφπ. (B15)
We may then define the following normalized asymmetries
AA1(x, y) ≡
d2Γ4−bdyA1
dxdy
× (d2Γ4−bdy
dxdy
)−1
(B16)
= −1
π
λ1(x, y)Im (F
′
A0F
′∗
V ) (B17)
and
AA2(x, y) ≡
d2Γ4−bdyA2
dxdy
× (d2Γ4−bdy
dxdy
)−1
(B18)
=
1
π
λ2(x, y)
[
Im(F ′A0F
′∗
A+) + Im(F
′
A+F
′∗
V )(x+ 2y − 2− rℓ)
+Im(F ′A−F
′∗
V )rℓ + Im(F
′
A0F
′∗
V )dℓ(x, y)
]
. (B19)
The above two asymmetries are proportional to the two terms in the expression given for
the polarization of the D∗ in Eq. (49), that is,
P
(ℓ)
D∗(x, y) = (~ǫ · ~n2)π [(~ǫ · ~n1)AA1(x, y) + (~ǫ · ~n3)AA2(x, y)] . (B20)
We have thus confirmed our assertion that the two polarization structures in Eq. (49) may
be measured separately by following the decay of the D∗ and studying the T -odd momentum
correlations in the resulting four-body final state.
We now turn to prescription “B”. In this case the differential width is weighted by the
functional form itself in the angular integration. One may easily verify that weighting the
width by Ti picks out the term proportional to Ti and eliminates all other terms. Prescription
“B” is then defined by:
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T1(θπ, φπ) :
∫
B1
dΩ∗π ≡
∫
dΩ∗π
(
10
π
)
T1(θπ, φπ) , (B21)
T2(θπ, φπ) :
∫
B2
dΩ∗π ≡
∫
dΩ∗π
(
10
π
)
T2(θπ, φπ) . (B22)
The normalizing factor of 10/π has been included so that the resulting asymmetries (defined
in analogy with Eqs. (B16) and (B18)) have the same numerical value using either method;
that is, ABi(x, y)=AAi(x, y).
In order to compare prescriptions “A” and “B”, it is useful to calculate the statistical
uncertainties which would be expected in a measurement of the two asymmetries, AAi and
ABi, given some number of events N . In particular, we will calculate the uncertainties of
the averaged quantities AAi and ABi, in which the averages over x and y are performed as
prescribed in Eqs. (55) and (56), for i = 1 and 2, respectively. The numerical calculations
will be carried out for the electron and muon channels, since these are the modes which we
have concentrated on in the text.
We first define the expectation value of some operator O as follows:
〈O〉 ≡
∫
dxdy
∫
dΩ∗π
∣∣∣M˜∣∣∣2O∫
dxdy
∫
dΩ∗π
∣∣∣M˜∣∣∣2 . (B23)
This expectation value corresponds to a “measurement” of the operator O in the probability
distribution defined by
∣∣∣M˜∣∣∣2. The statistical error for this observable, given N events, is
then
σO =
√
〈O2〉 − 〈O〉2√
N
. (B24)
The four averaged asymmetries may be expressed in terms of this compact notation by
writing
AAi = 〈OAi〉 , ABi = 〈OBi〉 , (B25)
where the four operators are given by
OAi = ±1 , OBi = ±
(
10
π
)
Ti(θπ, φπ) . (B26)
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The appropriate sign to choose in the above expressions depends in general on θπ, φπ and y.
It is now straightforward to calculate the statistical uncertainties associated with the
averaged asymmetries in the prescriptions “A” and “B”. In order to evaluate these numeri-
cally, we may safely neglect the term 〈O〉2 in Eq. (B24), since it is the square of the averaged
asymmetry and is typically quite small compared to 〈O2〉, which is of order unity. Taking
ξ(w) = 1.0− 0.75× (w − 1) and setting the ∆’s to zero in
∣∣∣M˜∣∣∣2, we find
σA1 ≃
√
〈O2A1〉√
N
=
1√
N
, (B27)
σA2 ≃
√
〈O2A2〉√
N
=
1√
N
, (B28)
σB1 ≃
√
〈O2B1〉√
N
=
0.75√
N
, (B29)
σB2 ≃
√
〈O2B2〉√
N
=
0.89√
N
. (B30)
We could, alternatively, calculate the number of events required to achieve a given statistical
uncertainty. In this case, the ratio of the number of events required in prescriptions “B”
and “A” is given by
NB1
NA1
≃ 0.57 , (B31)
NB2
NA2
≃ 0.79 . (B32)
Thus prescription “B” is more efficient than prescription “A”, as we have asserted.
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TABLES
TABLE I. T -odd polarization observables (TOPO’s) for exclusive semileptonic B decays
in terms of effective scalar (∆S), pseudoscalar (∆P ), right-handed quark current (∆R), and
left-handed quark current (∆L) four-Fermi interactions. P
(D)
τ and P
(D∗)
τ denote the transverse
τ polarization in the B → Dτν and B → D∗τν decays respectively; P (ℓ)D∗ (ℓ=e,µ,τ) denotes the
T -odd D∗ polarization observable in the B → D∗ℓν decay.
Im∆S Im∆P Im∆R Im∆L
P
(D)
τ
√
0 0 0
P
(D∗)
τ 0
√
0 0
P
(e,µ)
D∗ 0 0
√
0
P
(τ)
D∗ 0
√ √
0
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TABLE II. Contributions to the effective four-Fermi interactions and to the various TOPO’s
from SUSY with squark intergenerational mixing, SUSY with R-parity violation, the three
Higgs-doublet model (3HDM), leptoquark models, and left-right symmetric models (LRSM’s). We
have neglected the effects due to charged Higgs bosons in LRSM’s, assuming that the Higgs bosons
are sufficiently heavy to decouple. The numbers in the table are the maximal polarization effects
and are meant mainly for the purpose of illustration. Their actual sizes in particular models will
depend on the details of the models.
squark mixing R/ SUSY 3HDM Leptoquarks LRSM
∆S
√ √ √ √
0
∆P
√ √ √ √
0
∆R
√
0 0 0
√
|P (D)τ | 0.35 0.05 ∼ 1 ∼ 1 0
|P (D∗)τ | 0.05 0.008 0.3 0.2 0
|P (1)D∗ | 0.02 0 0 0 0.08
|P (2)D∗ | 0.016 0 0 0 0.06
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FIGURES
FIG. 1. Contour plots for the semileptonic decay B → Dτν, using ξ = 1 − 0.75 × (w − 1) for
the Isgur-Wise function: (a) the Dalitz density function ρD(x, y); (b) the transverse τ polarization
function σD(x, y).
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FIG. 2. Contour plots for the semileptonic decay B → D∗τν, using ξ = 1− 0.75 × (w − 1) for
the Isgur-Wise function: (a) the Dalitz density function ρD∗(x, y); (b) the transverse τ polarization
function σD∗(x, y).
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FIG. 3. Contour plots for the semileptonic decay B → D∗ℓν (ℓ=e,µ), using ξ = 1−0.75×(w−1)
for the Isgur-Wise function: (a) the Dalitz density function ρℓD∗(x, y); (b) the D
∗ polarization
function σ1(x, y); (c) the D
∗ polarization function σ2(x, y). The masses of the leptons are neglected
in these plots.
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